Nucleic acid aptamers are small three-dimensional structures of oligonucleotides selected to bind to a target of interest with high affinity and specificity. In vitro, aptamers already compete with antibodies to serve as imaging probes, e.g. for microscopy or flow cytometry. However, they are also increasingly used for in vivo molecular imaging. Accordingly, aptamers have been evaluated over the last twenty years in almost every imaging modality, including single photon emission computed tomography, positron emission tomography, magnetic resonance imaging, fluorescence imaging, echography, and x-ray computed tomography. This review focuses on the studies that were conducted in vivo with aptamer-based imaging probes. It also presents how aptamers have been recently used to develop new types of probes for multimodal imaging and theranostic applications.
Introduction
Molecular imaging of living subjects allows the study of molecular and cellular events in their native environment, instead of having to remove cells or tissues before analysis. It is now routinely used in clinics to diagnose various diseases, as well as evaluate drug efficacy. There are several imaging modalities available and most require a molecular-imaging probe. Chemistry or biochemistry plays a crucial role in the development of such probes, which are usually constructed by combining three molecular components ( Fig. 1 ): 1) a component to provide a signal that can be detected by an imaging instrument, 2) a ligand that can specifically interact with the molecular target of interest, and 3) a spacer that links the two previous components together. The spacer is not always mandatory and the two first components may sometimes be directly linked together. Once introduced into the living subject, the location of the molecular imaging probes can be monitored by an imaging system. The probe is generally injected intravenously, but other routes of administration can be used. Just after injection, the probe is distributed throughout the body of the subject. Then, part of the probe is expected to bind to its molecular target, whereas the rest is cleared from the tissues. Accordingly, the imaging system should detect a higher signal in tissue expressing the target than the others (Fig. 2) .
The first molecular imaging probes were derived from natural molecules that are involved in metabolism. For example, one of the most famous radiotracers used for cancer imaging is 2-deoxy-2-[ , which is a radiolabeled glucose analog. However, there is now an increasing demand to develop new types of molecular imaging probes that can bind to targets for which there are no available or known natural ligands. These new probes are often made from macromolecules that can be tailored to interact with any molecular target of interest. These macromolecules use four forces of interaction (ionic bonds, hydrogen bonds, hydrophobic effects, and van der Waals interactions) to adopt three-dimensional (3D) structures and specifically interact with their target. Such forces are often called "weak bonds" because they require little energy to break. However, the 3D structure of a macromolecule can allow it to form many such weak interactions with a target of interest to, ultimately, bind to it with a very high affinity.
Peptides and proteins can provide a myriad of 3D structures able to generate high affinity ligands. For example, antibodies are well-known ligands that can bind to their target with very high affinity and specificity. This property has been exploited to develop drugs and molecular imaging probes. However, proteins have many disadvantages when used as molecular imaging probes. First, their 3D structures can be unstable and difficult to maintain, not only in vivo but also in vitro during labeling steps. In addition, they are almost impossible to produce chemically, except for small peptides. Thus, they require bio-production processes that are not only costly but can also cause problems of batch-to-batch reproducibility. Finally, they may face problems of immune response, e.g. only humanized antibodies can be injected into humans, but cannot be easily evaluated in immuno-competent animal models, which reject them.
Like amino-acid polymers, nucleic acid sequences can form many 3D structures. This property is used in nature by RNAs to interact with a variety of molecules or to have catalytic activities (e.g. protein synthesis or splicing). Since 1990, several combinatorial approaches have been developed to exploit and analyze these properties of nucleic acids. Tuerk and Gold popularized such methods as SELEX (for systematic evolution of ligands by exponential enrichment) [1] and the nucleic acid-based ligands identified by this technique were baptized "aptamers" by Ellington and Szostak from the Latin "aptus", meaning "to fit" [2] . Although the selection of aptamers has undergone many improvements and refinements [3] [4] [5] [6] [7] [8] , they are still based on the same principle (Fig. 3) . A population of oligonucleotide sequences known as "candidates" is synthesized. They contain a randomly synthesized region, which is framed by two known sequences that can be amplified by PCR. This population is then subjected to an in vitro selection process, which extracts candidates that bind to a chosen target from the rest. These candidates are then amplified by PCR or RT-PCR and transcribed in vitro before being used in a new in vitro selection round. During the amplification step, mutations may occur, leading to the appearance of candidates that are slightly different from their parents, some of which may have higher affinity for the target. Accordingly, the population is expected to evolve through several rounds of selection and amplification, in a Darwinian fashion, favoring the progressive enrichment of the sequences with the highest affinity. Sequencing a sample of the population can then identify such sequences. Recently, high-throughput sequencing has led to a better understanding of this molecular evolution process and better identification of the aptamers [9] . The main weakness of RNA and DNA sequences is to be rapidly degraded by nucleases. The half-life of the oligonucleotide RNA is a few seconds in the plasma whereas for DNA it is around 30 to 60 min [10] . Several chemical modifications have been introduced in aptamers to protect them from nuclease degradation including modified bases, modified sugar and modifications on the phosphodiester linkage [11] . The most common strategy is to use chemically modified nucleotides that can be directly incorporated by polymerases during SELEX. For example, 2′Fluoro nucleotides are often used and the half-life time of 2'Fluoro-pyrimidine RNA sequences is around 5 to 15 h in plasma [10] . Chemical modifications could also be incorporated post-selection but they can change the structure of aptamers and affect their binding. Since their discovery, aptamers have been selected against a wide variety of targets, from small molecules to proteins to even complexes of targets present on the cell surface [3, 12, 13] . Aptamers have provided fundamental insights concerning the versatility of RNA, supporting its involvement in the origin of life [14, 15] . In parallel, aptamers have been increasingly used for biotechnological applications, such as biosensors [16] , bio-purification [17] , biomarker discovery [18] , and the regulation of gene expression [19] . Furthermore, one aptamer has already been commercialized as a drug for the treatment of age-related macular degeneration and several others are currently in clinical trials [20] .
Because of their high specificity and affinity, aptamers are promising tools for molecular imaging [21] [22] [23] [24] . Over the last 20 years, several aptamers have been tested as molecular probes in almost every imaging modality, including positron emission tomography (PET), single photon emission computed tomography (SPECT), magnetic resonance imaging (MRI), echography, X-ray computed tomography (X-ray CT), and fluorescence imaging. This review presents an up-to-date summary of the Fig. 1 . Scheme of aptamer-based molecular imaging probes. A) An aptamer is conjugated by a linker to a molecule (label) that allows detection by a molecular imaging instrument. Such probes are generally used for nuclear or fluorescence imaging aided by radioisotopes or fluorescent dyes, respectively. B) For MRI and CT imaging techniques, aptamers are linked to contrast agents based on nanoparticles. These nanoparticles can be simultaneously labeled with several labels to build multimodal imaging probes. They can also be used to co-deliver drugs for theranostic applications.
investigations that have been performed in vivo and the recent use of aptamers to develop new types of probes for multimodal imaging and theranostic applications. We have tried to exhaustively list all these studies in tables (see Tables 1, 2 and 3) , but have chosen not to describe them all in detail, but rather to present general conclusions that can be drawn from these experiments.
Applications of aptamers for molecular imaging

Aptamers as probes for nuclear imaging
Nuclear imaging uses molecular imaging probes that are radioactively labeled. These probes are usually called "radiotracers" or "radiopharmaceuticals". Once injected into subjects, external detectors (gamma cameras) detect the radiation emitted by such probes. This signal is then used to reconstruct images that allow quantitative measures of probe localization at various times post-injection. Several different modalities of nuclear imaging can be used, depending on the radioisotope, some of which have been developed for the radiolabeling of aptamers [25, 26] 68 Ga, or 64 Cu) that need first to be annihilated by an electron to release two gamma rays, which are emitted at an angle that approximates 180°. Radiolabeled aptamers have been evaluated as probes for these imaging modalities (Table 1) .
Single photon emission computed tomography (SPECT)
The first trial to test aptamers in molecular imaging was performed in 1997 by Charlton et al. [27] . This study used a DNA aptamer (called Fig. 2 . Principle of molecular imaging. At t 0 , the contrast agent (in green) is injected inside the subject. Then, it spreads over the whole body (t 1 ) and is finally eliminated via excretory organs, except in the area of interest where the probe interacts with the target (t 2 ). Fig. 3 . General principle of aptamer selection by systematic evolution of ligands by exponential enrichment (SELEX). A random oligonucleotide library is incubated with a target (1) . Sequences that bind to the target are conserved, whereas others are eliminated (2). The selected sequences are then extracted (3) and amplified by PCR (or RT-PCR followed by in vitro transcription for RNA libraries) (4) . During this step, mutations can appear (5). The new library enters a new cycle of selection-amplification. Over the successive cycles, sequences that provide the best binding to the target are amplified and can be identified by sequencing (6). NX21909) that binds to neutrophil elastase, which is a serine protease secreted by neutrophils during inflammation. This aptamer was radiolabeled with 99m Tc and intravenously injected into rats with induced inflammation in a forelimb. The biodistribution of the aptamer was measured by scintigraphy and compared to that of a reference IgG used clinically to image inflammation and a negative control oligonucleotide. Every compound exhibited a higher signal in the inflamed forelimb than the contro-lateral healthy forelimb. In addition, a higher signal was measured with the aptamer than the control oligonucleotide in the inflamed forelimb. Finally, the control oligonucleotide and the aptamer showed faster clearance than the reference IgG. This led the aptamer to reach a signal-to-noise ratio of 4.3 ± 0.6 just 2 h post-injection, whereas the best ratio obtained by the antibody was only 3.1 ± 0.1 and occurred 3 h post-injection. Hicke et al. further evaluated an aptamer using SPECT for cancer imaging in 2006 [28] . This aptamer, called TTA1, was selected against tenascin C (TN-C), an extracellular matrix protein overexpressed in many tumors. This aptamer was a 2'fluoro-pyrimidine RNA oligomer. Accordingly, every pyrimidine of this aptamer contained a fluor group in the 2′ position of the ribose; this chemical modification is known to provide greater resistance against degradation by nucleases. In contrast, the previously described anti-elastase aptamer used natural DNA chemistry, which is expected to be rapidly degraded by nucleases in vivo. The biodistribution of the TTA1 aptamer was measured by SPECT imaging after intravenous injection in mice bearing subcutaneous tumor xenografts from human U251 glioblastoma cells. A maximum uptake of 6% of injected dose/g (ID/g) was achieved in the tumor 10 min after intravenous injection of [
99m Tc]-radiolabeled TTA1. The aptamer in the tumor then continuously decreased, but 1.9% ID/g was still present 3 h post-injection. A negative control aptamer showed initial tumor absorption that was half of that of TTA1 (3% ID/g) at 10 min but it was rapidly cleared from the tumor, with only 0.04% ID/g still present 3 h post-injection. This aptamer demonstrated rapid blood clearance and reached a tumor-to-blood ratio of approximately 50 just 3 h after injection. Such rapid clearance can be explained by rapid renal excretion, as well as nuclease degradation. Indeed, the aptamer detected in the blood 3 h after injection was completely degraded, whereas the radioactivity present in the tumor at that time corresponded mostly to non-degraded aptamer. The authors suggested that the aptamer could have been partially protected against nucleases when bound to its target. This study also examined the importance of the radiometal chelator and the injected dose in the biodistribution of the probe. Three different [48] chelators were compared for radiolabeling of the aptamer. The clearance of the aptamer was markedly different from the three chelators, although they had less of an effect on tumor targeting. Finally, increasing the injected dose was shown to correlate with increased circulation time of the aptamer in blood and higher absorption by the tumor, suggesting that the clearance of this aptamer should be saturable. Several other aptamers have been evaluated by SPECT imaging for tumor targeting (see Table 1 ). They were mostly selected against proteins that are overexpressed at the surface of cancer cells. These studies confirmed that aptamers are rapidly cleared from the bloodstream and eliminated either by hepatobilary and/or urinary excretion. Two DNA aptamers, selected against Mucin 1 (MUC1) [29] and nucleolin [30] , demonstrated higher uptake in the tumors than muscle, suggesting that they can bind to their targets in vivo. These aptamers were, however, evaluated without comparing them to a negative oligonucleotide control. Thus, its impossible to know whether tumor uptake was linked to their interaction with their target or to higher vascularization of the tumor. For example, similar tumor uptake was observed with a 2′ F-Py RNA aptamer selected against human epidermal growth factor receptor 2 (HER2), but comparison of the aptamer with that of a control sequence showed the two to have the same tumor uptake [31] . This demonstrates the importance of including this control in such studies to determine whether tumor uptake of an aptamer is non-specific or results from an interaction with its target.
Accordingly, two aptamers demonstrated significantly higher tumor uptake than a control oligonucleotide: a DNA aptamer selected against epidermal growth factor receptor variant III (EGFRvIII) [32] and a fully modified aptamer (2'Ome-Purine/2′F-Py) that binds to matrix metalloprotease-9 (MMP9) [33, 34] . The latter was radiolabeled either with In-DOTA-labeled aptamer was mostly eliminated by the urinary pathway. This result confirmed that labeling can strongly influence the biodistribution of aptamers.
Recently, three studies published by the group of Antero Silva Ribeiro de Andrade investigated the use of aptamers as probes for the detection of bacterial infections by SPECT imaging [35] [36] [37] . These aptamers were selected against various structural cell-wall components of bacteria. Scintigraphy of Staphylococus aureus infected mice using Tc-radiolabeled aptamers demonstrated that the bacterial infection could be located, with target to non-target ratios that were statistically higher than those achieved for a control sequence.
Positron emission tomography (PET)
Four studies have evaluated the use of aptamers as probes for PET imaging in several cancer models (Table 1) . Two used a DNA aptamer (AS1411) that binds to nucleolin. This protein, over-expressed on the surface of many cancerous cells, can internalize when it binds the aptamer. In 2014, Li et al. conjugated the extremity of the AS1411 aptamer with four different chelators, allowing radiolabeling with 64 Cu [38] . They demonstrated that these chelators can substantially alter internalization of the aptamer in vitro. They also demonstrated that the biodistribution and tumor targeting of this aptamer changes, depending on the chelator used, similar to the SPECT imaging studies. The same AS1411 aptamer was also evaluated by Park et al. using a control sequence [39] . In this study, the aptamer was elongated by a sequence of 15 nucleotides that was then hybridized to an antisense oligonucleotide previously radiolabeled with 18 F by click chemistry.
This clever methodology makes it possible to easily radiolabel several aptamers at the same time using the 18 F-radiolabeled antisense oligonucleotide. The efficacy and specificity of tumor targeting of this aptamer was evaluated by micro-PET in mice carrying tumor xenografts. High absorption was observed in the kidneys, intestines, and liver for both the aptamer and the control sequence. However, the aptamer showed slightly higher tumor targeting than the control sequence. They carried out a blocking experiment to confirm the specificity of tumor targeting by co-injecting a 100-fold molecular excess of unlabeled AS1411 aptamers. Tumor uptake was reduced by a factor of two, suggesting that part of the tumor targeting was possibly specific.
In 2015, Jacobson et al. evaluated two other aptamers as probes for PET imaging [40] . First, they evaluated an aptamer against tenascin-C. They used a DNA aptamer that is completely different from the 2′-fluoro-Py RNA aptamer previously studied by SPECT imaging (see above). It was radiolabeled with either 64 Cu or 18 F before being evaluated by PET imaging in mice bearing a subcutaneous tumor xenograft. Although this aptamer was described to have poor binding at 37°C (Kd in the μM range) [41] , it demonstrated higher tumor uptake than a scrambled control sequence for both labeling strategies. However, the 2'fluoro-Py-labeled aptamer, previously evaluated by SPECT, showed 10-fold higher uptake by the tumor 1 h after injection (3 versus 0.3%ID/g) and also demonstrated a 10-fold higher tumor/blood ratio 3 h after injection (50 versus 4).
Then, the same group studied a DNA aptamer selected against protein tyrosine kinase-7 (PTK7), a member of the receptor tyrosine kinase superfamily that is highly expressed in various human malignancies [42] . The aptamer was evaluated in mice bearing subcutaneous tumors from the HCT116 and U87MG cell lines. PET studies showed specific accumulation of the 18 F-radiolabeled aptamer in HCT116 tumors, which express high levels of PTK7, and lower uptake by U87MG tumors, which express lower levels of PTK7. Uptake of the aptamer was higher than that of the control sequence in both models. The specificity was also confirmed by an 80% inhibition of uptake when the radioactive aptamer was co-injected with a large excess of unlabeled aptamer. Furthermore, the aptamer demonstrated higher uptake by liver metastases from HCT116 cells than by the subcutaneous tumor. Finally, they found that increasing the injected dose increased tumor targeting of the aptamer, as previously observed.
In vivo fluorescence imaging with aptamers
In vivo fluorescence imaging is similar to fluorescence microscopy but at a macroscopic level. This type of imaging has become widespread in laboratories. However, unlike other molecular imaging techniques, the use of fluorescence imaging is technically more difficult because biological tissues absorb and disperse photons and can also generate strong autofluorescence, obscuring the collection and quantification of signals. Nevertheless, significant progress has been made in the mathematical models that describe the propagation of photons in tissues. Moreover, the illumination and detection instruments available have improved and this type of imaging is now widely used for small rodent imaging. In addition, it shows promise for several applications in humans, especially for image-assisted surgery.
Many fluorescent probes have been designed using aptamers ( Table  1) . The simplest way is to graft the aptamer with a small organic dye. Generally, fluorophores emitting in the near infrared are preferred because biological tissues absorb less photons and have less autofluorescence at these wavelengths. The fluorescent aptamer is then intravenously injected into living subjects and fluorescence imaging is performed at various times. Usually, "planar imaging" is used for qualitative or semi-quantitative 2D imaging. This technique uses wide-field illumination for the excitation of a fluorophore inside animals and a highly sensitive camera to record the fluorescence signals. Planar imaging is strongly affected by light scattering. Thus, it is mainly used for imaging surface tissues, such as subcutaneous tumor xenografts, comparing the fluorescence signal inside the tissue of interest with the background signal originating from a reference area [43] . This approach has been used with many aptamers that bind to proteins overexpressed at the surface of cancer cells (Table 1) . They have generally demonstrated higher fluorescence signals of the tumor than that of the background from a few minutes after injection up to several hours [44] [45] [46] [47] [48] .
In vivo visualization and quantification of the fluorescence signal have been improved by the development of fluorescence diffuse optical tomography (fDOT). This imaging technique, also called fluorescence molecular tomography (FMT), requires instruments that have a transillumination mode for excitation, generally by lasers. In contrast to planar images, fDOT can reconstruct the original fluorescence emission signal in three dimensions using algorithms. We previously compared fDOT and PET to monitor the biodistribution of oligonucleotides inside mice [49] . Although fDOT was less sensitive, it was able to measure similar concentrations of oligonucleotides ranging from 3 nM to 1 μM. We were able to more precisely quantify the tumor targeting of an antiannexin A2 aptamer using this technique [46] . Three hours after injection, the quantity of this aptamer in the tumor was approximately 14 times higher than that of a control sequence. fDOT was also used by Mi et al. to quantify the tumor targeting of an aptamer that binds to DHX9, an RNA helicase protein [50] . In this study, the aptamer was evaluated in an animal model of hepatic colorectal cancer metastases. In contrast to a subcutaneous xenograft, it was difficult to evaluate the size of such tumors, that can vary highly between animals. Nevertheless, one of the major advantages of fluorescence imaging is that it can measure several fluorophores at the same time. The authors used this property to normalize the tumor targeting of their aptamer by another fluorescent probe that targets the tumor.
A major drawback of molecular imaging is the difficulty to discriminate the specific binding of a probe from its non-specific distribution. However, unlike other types of imaging, in which the probes continuously produce a signal over time, it is possible to modulate fluorescence emission of a fluorophore according to its environment. This property has been used to develop activatable probes, also called "smart fluorescent probes", that can produce a fluorescent signal only when they are bound to their target. Hence, Shi et al. developed an activatable aptamer probe (AAP) using a DNA aptamer targeting PTK7 [51] . They produced this AAP by elongating the aptamer with a poly-thymidine sequence and partially hybridizing it to a short DNA sequence containing a fluorophore and a quencher attached at each extremity. In the absence of the target, the construct forms a hairpin structure that brings the fluorophore close to the quencher, resulting in quenching of the fluorescence. However, when the aptamer is bound to the membrane receptors of cancer cells, its conformation changes, resulting in an activated fluorescence signal. This construct was evaluated in mice bearing subcutaneous tumors. The AAP displayed substantially enhanced contrast relative to classical labeling, in which the aptamer is continuously fluorescent. Furthermore, such enhanced contrast was achieved within 15 min after intravenous injection, whereas the always-on probe required more time to achieve maximal contrast because of the need to wait for clearance of the unbound probe.
Li et al. designed another activatable fluorescent probe with a DNA aptamer that binds to cell-surface MUC1, which is overexpressed in many malignant tumors [52] . In this case, the Cy3-labeled aptamer was π-π stacked on the surface of oxidized mesoporous carbon nanospheres, resulting in quenched fluorescence. After exposure to MUC1, the aptamer is gradually released from the oxidized mesoporous carbon nanosphere due to a much stronger interaction with the protein, resulting in fluorescence recovery. Although this construct led to promising in vitro results, it needs to be optimized for in vivo use. Indeed, a targeted fluorescenct signal in the tumor was achieved by intra-tumoral injection, but not intravenous injection.
Recently, two aptamers were tested by fluorescence imaging in animal models of Alzheimer's disease [53, 54] . One aptamer, called β-55, binds to amyloid fibrils found in Alzheimer's disease but not the A-ß40 monomer. Farrar et al. fluorescently labeled this aptamer and used it to visualize amyloid plaques in APP/PS1 transgenic mice in vivo using two-photon imaging [53] .
Magnetic resonance imaging (MRI) with aptamers
MRI uses strong magnetic fields, electric field gradients, and radio waves to generate images. MRI is known to have very high spatial resolution, but is relatively insensitive. Contrast agents have been developed to improve sensitivity, including T1-positive paramagnetic agents and T2-negative superparamagnetic nanoparticles. A few studies have been conducted to specifically address the use of aptamers to improve the imaging of tumors using contrast agents [55] [56] [57] [58] . The aptamers studied bind to proteins that are expressed on the surface of proliferating endothelial cells during angiogenesis, such as nucleolin, α v ß 3 integrin, vascular endothelial growth factor, and vascular endothelial growth factor receptor type 2 (VEGFR2). The fact that MRI contrast agents are sometimes large (up to several hundred nm in diameter), may explain why trials mostly targeted biomarkers that do not require extravasation from the bloodstream to be reached. These studies all demonstrated improved MRI contrast in tumors relative to nanoparticles without aptamers. However, no one compared signals using the same nanoparticle conjugated with a negative-control oligonucleotide, although conjugation of a negatively charged oligonucleotide can substantially affect the biodistribution of a nanoparticle. Thus, as already mentioned, it is difficult to know whether the signal is due to the interaction of the aptamer with its target or to higher non-specific uptake of the nanoparticle by the tumor.
Ultrasound imaging
Ultrasound imaging, also called echography, is a non-invasive method widely used in clinical settings for real-time anatomical and functional imaging. It uses a probe to send ultrasound pulses and record the sound echoes off the tissues. These echoes can be used to reconstruct an image, as different tissues reflect varying degrees of sound. The most common contrast agents used in molecular ultrasound are micron-sized, gas-containing microbubbles. Nakatsuka et al. functionalized such microbubbles with an aptamer that binds to thrombin [59] . Thrombin acts in the blood coagulation pathway to convert soluble fibrinogen into insoluble strands of fibrin, as well as catalyze other coagulation-related reactions. They observed a five-fold increase in acoustic activity in the clot region after injection of the microbubbles in a static thrombosis model in a rabbit. However, they did not compare their results with those using the same microbubbles conjugated with a control sequence.
Multimodal imaging with aptamers
Each imaging modality has advantages and disadvantages. Thus, there are an increasing number of hybrid instruments that offer the possibility of combining several imaging modalities. Similarly, multimodal imaging probes based on nanoparticles are being developed for detection by different imaging modalities. Several such probes have used aptamers as specific targeting agents (Table 2 ). For example, Hwang et al. used a cobalt-ferrite nanoparticle surrounded by fluorescent rhodamine in a silica shell matrix [60] . This nano-object, already detectable by MRI and fluorescence imaging, was conjugated with an antinucleolin aptamer before being further radiolabeled with 67 Ga for detection by SPECT imaging. They then evaluated the biodistribution of this multimodal-imaging probe in mice bearing subcutaneous tumor xenografts. As a negative control, they used the same construct in which they replaced the aptamer by a mutant aptamer in which several guanines were substituted with cytosines. Scintigraphy revealed higher tumor absorption of the nanoparticles conjugated to the aptamer than for those conjugated to the control sequence 24 h after intravenous injection. T2-weighted MR images of the same mice detected the presence of nanoparticles in tumors only when conjugated with the aptamer. Finally, higher tumor uptake of the nanoparticles conjugated to the aptamer was further confirmed by ex vivo fluorescence imaging of extracted organs. As expected, SPECT imaging was more sensitive and provided better quantification, whereas MRI provided better resolution. Apart from preclinical research, the use of this type of probe in humans is debatable. Indeed, the design of multimodal imaging probes is necessarily more complicated and costly. Furthermore, combining SPECT and MRI to detect the presence of a tumor does not provide any additional information over the use of either of these modalities alone. A more optimal approach would be to use a dual-modality probe that can be used during an initial whole-body examination to identify the location of a tumor and then assist in locating it during tumor resection surgery. Thus, most existing multimodal imaging probes combine fluorescence, which can be detected during surgery, with a whole-body imaging modality, such as PET, SPECT, MRI, or X-ray CT. For example, Li et al. conjugated the anti-nucleolin aptamer to fluorescent gold nanoparticles, which can be detected both by X-ray CT and fluorescence imaging [61] . This dual-modal imaging probe was detected in tumors by CT imaging 30 min after intravenous injection in mice bearing subcutaneous tumor xenografts. Furthermore, the tumor can be easily visualized during surgery under ultraviolet light, due to an orange-red fluorescent signal emitted from the nanoparticles. Such tumor targeting was not achieved by the same nanoparticle without an aptamer; however, further experiments should be performed with a control oligonucleotide to determine whether the enhanced contrast is due to interaction of the aptamer with its target.
Use of aptamers for theranostics
The term "theranostics" is used to define the research that is carried out to combine diagnostic and therapeutic capabilities into a single agent and develop more specific individualized therapies. This is because many existing therapies are effective only for a limited number of patient subpopulations and at selective stages of the disease. Thus, a nano-object that can co-deliver a therapy and an imaging agent could allow imaging to be used during treatment to determine whether the treatment is reaching the pathological area. It would therefore be possible to provide more specific therapeutic protocols to individuals to likely provide a better prognosis. Another advantage offered by theranostics is the simultaneous improvement of treatment efficiency and reduction in side effects for patients by specific targeting with the aptamer. Indeed, the treatment should be specifically addressed to the disease area instead of being spread throughout the body, with the result that healthy tissues receive a lower dose. Several theranostic strategies using aptamers have been evaluated in vivo in cancer models (Table 3) . For all these strategies, it is necessary to use a conjugation method to attach the aptamer at the nanoparticle surface and to verify that the aptamer conserve its binding capacity. In addition, several conjugation methods could be evaluated to define the best spacer between aptamers and nanoparticles, as well as to define the best number of aptamers to conjugate per nanoparticle [62] .
Delivery of anthracycline drugs and imaging
Most theranostic studies with aptamers concern the co-delivery of imaging agents and anthracycline drugs (predominantly doxorubicin).
These drugs interact with DNA by intercalation, inhibiting replication, and deregulating gene expression. The first way to deliver the drugs was to load it in various types of nanoparticles that were further labeled for detection by imaging and conjugated to aptamers. This approach was used by Pascual et al. who loaded doxorubicin in mesoporous silica nanoparticles that were further conjugated with an anti-MUC1 aptamer and radiolabeled by 99 Tc [63] . Specific targeting and drug delivery of the nanoparticle was demonstrated in vitro on cells and scintigraphy showed that the nanoparticles can target a subcutaneous tumor in vivo. However, the in vivo biodistribution was not compared to that of the same nanoparticle conjugated with a control sequence. A similar strategy was used by Mosafer et al. who entrapped superparamagnetic iron oxide nanoparticles (SPIONs) and doxorubicin in poly(lactic-coglycolic acid) (PLGA)-based nanoparticles that were further conjugated to the anti-nucleolin aptamer [64, 65] . Higher tumor targeting was observed by MRI for the nanoparticles conjugated with the aptamer than for unconjugated nanoparticles. Furthermore, the nanoparticles conjugated with the aptamer provided significantly higher inhibition of tumor growth and prolonged survival of mice bearing C26 colon carcinoma xenografts.
Another method to deliver drugs is to covalently attach them to the surface of nanoparticles. This strategy was used by Salva et al. who conjugated an anti-MUC1 aptamer to Quantum Dots and further attached doxorubicin to their surface via a pH-sensitive hydrazone bond [66] . These bonds are stable in general circulation at a neutral and slightly basic pH but undergo rapid hydrolysis in the acidic environment of endosomes. Accordingly, it should release the drug specifically in cancer cells that express nucleolin because they should internalize the nanoparticles via the aptamer. In vivo fluorescence imaging demonstrated that the Quantum Dots accumulated more in subcutaneous xenografts when they were conjugated to the aptamer. Furthermore, the therapeutic efficiency of theses nanoparticles was slightly improved by the aptamer in vitro, but were not evaluated in vivo.
Doxorubicin was also conjugated to the surface of luminescent gold nanoclusters by Chen et al. [67] . They further conjugated this nanoparticle with two targeting moieties: the anti-nucleolin aptamer and a cyclic Arg-Gly-Asp (cRGD) peptide, which binds to α v β 3 and α v β 5 integrins, which are up-regulated in tumor endothelial cells. In vivo fluorescence imaging demonstrated significantly greater tumor targeting when the nanoparticles were conjugated with the dual targeting agents than when they were unconjugated, and slightly greater tumor targeting than nanoparticles conjugated with only cRGD. Intravenous injection of the nanoparticles conjugated with the dual targeting agents every 48 h induced greater inhibition of tumor growth than unconjugated nanoparticles and free doxorubicin.
Finally, the property of anthracyclines to intercalate into DNA has been used to load nanoparticles. Hence, Yu et al. used an aptamer that binds to the prostate-specific membrane antigen (PSMA), which is over expressed on some prostate tumors [68] . They elongated the sequence of the aptamer by an additional (CGA) 7 repeat that was Table 2 In vivo studies using aptamers to develop multimodal molecular imaging probes. Except when mentioned, all preclinical models were nude mice bearing subcutaneous tumor xenografts (S.) or orthotopic tumor xenografts (O.). [102] hybridized to a sequence previously conjugated to the surface of SPIONs. This double strand pairing was not only used to conjugate the aptamer but also for the loading of doxorubicin, which is known to predominantly bind to consecutive CG base pair regions. The biodistribution of this complex was then evaluated by MRI in nude mice bearing subcutaneous tumors. From 1 h after injection, the nanoparticles conjugated with the aptamer demonstrated ten-fold higher tumor targeting than those conjugated with a scrambled control sequence. They then evaluated the in vivo therapeutic efficiency by injecting the nanoparticles every five days for 15 days. The mean fold increase in tumor volume (from day 0 to day 25) in mice was significantly less when the nanoparticles were conjugated to the aptamer than when a scrambled sequence was used (3.4 ± 0.6-fold vs 5.2 ± 0.6-fold) or free doxorubicin (5.0 ± 0.4-fold). A similar loading strategy was also used by Jalalian et al. who loaded a MUC1 aptamer, that was conjugated to SPIONs, with epirubicin [69] . MRI demonstrated higher tumor targeting of the nanoparticles conjugated with the aptamer than unconjugated nanoparticles, similarly to the previous study. Furthermore, they also demonstrated greater inhibition of tumor growth. The property of doxorubicin to intercalate into DNA was also used by Lei et al. to develop a smart split aptamer-based activatable theranostic probe [70] . They used the Sgc8c aptamer that interacts with a cancer-associated membrane PTK-7. The Sgc8c aptamer was split into two parts and linked via a short DNA linker labeled with a fluorophore. The central part of this linker was then hybridized with a complementary short DNA strand to which was attached a quencher that abolishes the fluorescence emission of the fluorophore. It was also loaded with doxorubicin, as the double helix region linker/short DNA strand was GC rich. The construct was designed to disassemble when the structure of the aptamer changes during its interaction with PTK-7, releasing the doxorubicin and activating the emission of a fluorescent signal. Both therapy and imaging were validated in vitro. They also evaluated the construct in vivo by fluorescence imaging in nude mice bearing subcutaneous tumors. The tumor showed high fluorescence just 15 min post-injection, but the therapeutic efficiency was not evaluated.
Delivery of taxane drugs and imaging
Several theranostic studies have been performed with aptamers for the co-delivery of imaging agents and taxane drugs, such as paclitaxel (Taxol) and docetaxel (Taxotere), which are widely used as chemotherapy agents. The principal mechanism of action of these drugs is to disrupt the microtubule functions that are essential for cell division. In contrast to anthracyclines, which are hydrophilic, taxanes are hydrophobic. Thus, the theranostics nanosystems developed for those drugs are different.
Tao et al. used a nano-precipitation method with an acetone/water system to prepare nanoparticles of cholic acid functionalized with a star-shaped block copolymer consisting of PLGA and vitamin E TPGS loaded with docetaxel and a near infrared fluorescent dye [71] . The surface of these nanoparticles was further conjugated with the antinucleolin aptamer. The resulting nanoparticles were evaluated in two mouse models in which the mice received subcutaneous tumor xenografts from human breast cancer cell lines. The nanoparticles conjugated with the aptamer demonstrated four-fold higher tumor targeting 24 h after intravenous injection than unconjugated nanoparticles or free dye by fluorescence imaging. Furthermore, they also demonstrated greater inhibition of tumor growth.
The anti-nucleolin aptamer was also used by Luo et al. to target poly (L-c-glutamyl-glutamine) nanoconjugates loaded with paclitaxel and a fluorescent dye [72] . In contrast to most of the studies described previously, these nanoparticles were not evaluated in subcutaneous models, but in nude mice that develop orthotopic brain tumors from intracranial injection of human U87 MG glioblastoma cells. Fluorescence imaging revealed two-fold higher tumor targeting by the nanoparticles conjugated with the aptamer than unconjugated nanoparticles 24 h after intravenous injection. Furthermore, when the nanoparticles were injected Table 3 In vivo studies using aptamers to develop theranostic agents. Except when mentioned, all preclinical models were nude mice bearing subcutaneous tumor xenografts (S.) or orthotopic tumor xenografts (O.). [74] every three days, the median survival of mice that received the nanoparticles (52 days) was significantly longer than those treated with unconjugated nanoparticles (47 days), free Taxol (40 days), or a control saline solution (36 days). Similar results were obtained by Gao et al. in another orthotopic brain tumor model. They also used the antinucleolin aptamer attached to the surface of poly(ethylene glycol)-poly(ε-caprolactone) nanoparticles loaded with docetaxel and fluorescence dye [73] . The surface of the nanoparticle was also conjugated with a peptide previously screened by phage display to cross the blood brain barrier (BBB). Fluorescence imaging demonstrated that this peptide enhanced brain uptake of the nanoparticles and that addition of the aptamer increased uptake by the tumor. Furthermore, injection of the dual-targeting nanoparticle every three days, for a total of three injections, significantly improved the median survival of mice over those that received the nanoparticles with only one targeting agent. The same nanoparticle achieved the same result using another aptamer selected to recognize glioblastoma cancer cells, but without the need of the peptide to cross the BBB [74] . This may be explained by the fact that the BBB is perhaps disrupted during growth of the brain tumor.
Delivery of nucleic acid drugs and imaging
Two studies have described the use of aptamers for the codelivery of nucleic acid drugs and an imaging agent. Kim et al. developed a fluorescent-activatable probe that can detect the expression of a miRNA and simultaneously inhibit its function [75] . This probe was constructed by conjugating the anti-nucleolin aptamer and a fluorescent molecular beacon to the surface of magnetic-fluorescent nanoparticles. The molecular beacon was designed to provide fluorescence emission upon hybridization with the micro-RNA (miRNA) 221. This interaction can also inhibit the function of miRNA 221, which promotes cancer by an antisense-like effect. C6 cells were first transfected by the probe before being subcutaneously implanted into nude mice. In vivo fluorescence imaging revealed that the miRNA could be detected in cancer cells for up to four days. The probe was also injected directly into already implanted subcutaneous tumors. It significantly decreased tumor growth relative to injections with PBS.
Recently, an anti-EGFR aptamer was used to target liposomes containing Quantum dots for fluorescent imaging and siRNA molecules for therapy in mice carrying subcutaneous tumor xenografts [109] . At 4 h post-injection, nanoparticles conjugated with the aptamer demonstrated two-fold higher tumor targeting than unconjugated nanoparticles. However, the fluorescence was cleared from the tumor by 24 h and the therapeutic efficiency was not evaluated.
Photodynamic therapy (PDT) and imaging
Photodynamic therapy (PDT) uses a photosensitizing chemical substance that produces molecular oxygen when excited by light, causing cell death. Tian et al. in 2014 attempted to perform photodynamic therapy using nanomicelles encapsulating a pH activatable fluorescent probe and a near-infrared photosensitizer, called R16FP, as a theranostic [76] . The nanomicelles were targeted by an aptamer previously selected against MDA-MB-231 human breast cancer cells. The goal was to use the fluorescent dye to detect when nanomicelles reached the lysosomes of cancer cells to determine when to carry out NIR irradiation of the tumor region to induce the PDT. Upon irradiation, R16FP mediates the generation of reactive oxygen species (ROS) and can thus cause lysosomal destruction and subsequent cell death. In vivo fluorescence images of subcutaneous MDA-MB-231 tumor-bearing mice were acquired at various times post-i.v. injection. The tumor/background fluorescence signal ratio gradually increased and reached a maximum 24 h after injection. Furthermore, tumor targeting was higher for nanoparticles conjugated to aptamers than those that were unconjugated or conjugated to a scrambled control sequence. PDT was evaluated by NIR irradiation of the tumor 24 h post-injection. Treatment resulted in the inhibition of tumor growth and the tumor tissues showed noticeable necrosis. Furthermore, histological analysis of several organs from the PDT-treated mice showed no signs of injury, suggesting insignificant toxic side effects.
Photothermal therapy (PTT) and imaging
Photothermal therapy (PTT) uses electromagnetic radiation (mostly infrared wavelengths) to bring a sensitizer to an excited state, at which point it then releases vibrational energy (heat) that can kill the targeted cells. Two studies have described the use of fluorescently-labeled nanoparticles targeted by aptamers for guided PTT. In 2016, Ye et al. used Cu\ \Au alloy nanostructures as sensitizers addressed by the Sgc8c aptamer, which targets PTK7 [77] . This system was labeled with Cy5 for fluorescent imaging. In vivo fluorescence imaging revealed higher tumor targeting by the targeting nanoparticles than those conjugated with a negative control scrambled sequence 2 h after intravenous injection into CCRF-CEM tumor bearing mice. PTT was evaluated in mice that received an intratumoral injection of the nanoparticles and subsequently exposed to 980 nm irradiation for 5 min. They observed tumor necrosis and even complete disappearance of the tumor four days after PTT treatment. The second study, by Shi et al. in 2014, used Au(core)/Ag-Au(shell) nanoparticles as sensitizers [78] . These nanoparticles were conjugated to an activatable aptamer probe (AAP) with quenched fluorescence in the free state. As previously described, such probes can emit fluorescence when bound to their target. Under the guidance of this fluorescent imaging signal, PTT was performed in nude mice bearing tumor xenografts by exposing the tumor to a 980 nm laser for 5 min. The tumor gradually became necrotic and tumor growth was inhibited at the necrotic site.
Two other studies used the PTT strategy, not only to kill cancer cells but also to control delivery of the drugs to inside the tumors. The first was conducted in 2006 by Chuang et al. [79] . Doxorubicin was encapsulated, with ammonium bicarbonate and gold nanocages, into liposomes conjugated to MUC1 aptamers. Exposure of the gold nanocages to NIR light can produce localized heat and the heating of ammonium bicarbonate generates CO2 bubbles. This can disrupt liposomes and locally liberate doxorubicin. An activatable aptamer probe was used to monitor the interaction of aptamer with its target. The signal was maximal at the tumor site 30 min post-injection and disappeared by 1 h, suggesting that the nanoparticles were rapidly internalized. Thus, mice were injected every four days with the liposome and tumors were subjected to PTT 1 h after injection. The size of the tumor decreased over time, whereas it increased in untreated mice or mice treated with free doxorubicin. Furthermore, the size of the tumor decreased less using the same theranostic system without NIR irradiation.
In 2017, Zhao et al. used the same theranostic strategy [80] . However, the drug encapsulated in the liposomes was docetaxel and the system was targeted by two aptamers. The liposomes were coated with gold nanoshells, which served as sensitizers. Inhibition of tumor growth in mice bearing S180 cell tumors was also observed relative to several control groups, including mice injected with non-targeted liposomes. Ultrasound imaging was also performed: such liposomes provided better tumor resolution and allowed longer observation than Sonovue, a commonly used ultrasound contrast agent.
Drug delivery and multimodal imaging
In 2015, Roy et al. performed one of the first trials of combination drug delivery and multimodal imaging [81] . They coupled NIR, MRI, and CT imaging with the delivery of bovine lactoferrin, an emerging anticancer drug [82] . Fe 3 O 4 and bovine lactoferrin were encapsulated in alginate-enclosed, chitosan-conjugated, calcium phosphate nanocarriers. The resulting nanoparticles were targeted with locked nucleic acid (LNA) aptamers against epithelial cell adhesion molecules and nucleolin. In vivo therapeutic efficiency of these nanoparticles was evaluated in subcutaneous tumor bearing mice that were orally fed the nanoparticles for 45 days. Complete regression of the tumors was observed for 70% of the mice fed the nanoparticles. Most importantly, mice injected with aptamer-targeted nanoparticles showed three-fold lower tumor recurrence after 30 days than those injected with nontargeted nanoparticles. Three imaging techniques were used to measure specific internalization of the targeted nanoparticles into the tumors. For fluorescent imaging, VivoTag 680 XL was encapsulated into the nanoparticles and the nanoparticles fed to the mice for 48 h. The fluorescence intensity of the tumor was higher for mice fed the aptamertargeted nanoparticles than those fed the non-targeted nanoparticles. MRI and X-ray CT imaging confirmed higher tumor targeting.
Conclusions & perspectives
Although aptamers represent a promising class of ligands, their use as molecular imaging probes is relatively new. Nonetheless, the number of in vivo preclinical studies using aptamers has increased significantly in recent years (Fig. 4) . To date, the reported applications of aptamers for molecular imaging and theranostics have been almost exclusively focused on cancer (Fig. 4C ) and half have focused on four targets (Fig.  4D ). This is partially because most aptamers are currently selected against cancer biomarkers. However, the scope of application should extend to other diseases, such as neurodegenerative and infectious diseases, as the number of aptamers identified each year increases [83, 84] .
A number of issues are still largely unresolved. For example, the degradation of these imaging probes in vivo requires further study. This information is missing from almost all published studies while it is mandatory to better interpret the imaging results. For example, there is an increasing use of natural DNA aptamers whereas it is known that DNA degrades rapidly in plasma, which raises questions about the validity of results obtained several hours after injection. Another issue is the potential toxicity of aptamers that is almost never studied. Aptamers are often considered to have low immunogenicity and low toxicity. However oligonucleotides could potentially be recognized by the innate immune system via germline-encoded-pattern-recognition receptors (PRRs) like Toll-like receptors (TLRs) [85] . Accordingly, aptamers immunogenicity should be more studied before further development. Moreover, their fast excretion through renal clearance could also limit the use of aptamers. One of the solutions is to conjugate the aptamer with high molecular weight molecules that can reduce the renal filtration. For instance, the conjugation of the aptamer with polyethylene glycol (PEG) has been widely used [11] . However, such conjugation could affect the affinity of aptamers. Additionally, too few studies have compared the biodistribution of the imaging probe with that of one comprised of a random sequence of the same size and chemistry. Without this important negative control, it is impossible to determine whether the tumor targeting observed in many studies is due to the interaction of the aptamer with its target or improved passive tumor targeting by the so call "enhanced permeability effect". Indeed, new blood vessels formed during tumor growth are usually disorganized and contain wide pores. In addition, tumors exhibit poor lymphatic drainage. Both of these phenomena can promote the diffusion and trapping of molecular imaging probes within the tumor interstitium, without the need to bind to a specific molecular target [86] .
Several studies have also demonstrated that labeling can affect the biodistribution of aptamers and also affect their binding. However, very few studies have measured the dissociation constant (Kd) of their molecular probes, although this information is crucial for comparing studies, especially those that are performed with the same aptamer, but different labeling. Finally, most studies have been conducted in nude mice bearing tumor xenografts. However, many studies have demonstrated the limitations of such models, which have little resemblance to real cancer. It would thus be very informative to test the biodistribution of aptamer-based imaging probes on other cancer models, such as transgenic mice that develop metastases.
In conclusion, the use of aptamers to develop imaging probes or theranostics agents is still in its infancy, but the successful preclinical results already achieved in a short time are impressive. Several studies have already demonstrated significant proof of concept, which may lead to further progress towards clinical trials in the future.
